The work focuses on the max link selection (MLS) schemes of buffer-aided relaying over the independent and non-identically distributed (i.ni.d) Nakagami-m fading channels in terms of outage probability, average packet delay, and improved diversity-delay trade-off schemes. By modeling the transition of buffer states as a Markov chain, we first obtain the outage probability and average packet delays for MLS schemes, which are given with closed-form expressions. The achieved results show that the i.ni.d fading channels impose severe loss in the diversity and coding gains of MLS schemes. Especially, when the disparity among the channel powers is very large, the diversity order provided by the MLS schemes is less than the ones provided by the traditional best relay selection (T-BRS) and max-max link selection (MMLS) schemes even if the buffers' size is large enough. For the average packet delay of MLS schemes, our results show that they are impacted by the transmit power and the fading severity factors. In general, in the low transmit power, the average packet delays are varying with the transmit power. However, in the high transmit power, the average packet delays approach the stationary values. Besides of this, it is also achieved that the i.ni.d fading makes the average packet delays of MLS schemes at all relays are different. When the powers of relay-destination links are greater than the ones of source-relay links, the average packet delays can be reduced evidently. Motivated by the observations, a weight-based MLS (W-MLS) diversity-delay trade-off scheme is proposed. The proposed W-MLS diversity-delay trade-off schemes not only have the low packet delays at all relays but also provide enough diversity and coding gains over T-BRS and MMML, which can overcome the performance loss caused by non-identical distribution on MLS schemes.
Introduction
Recently, cooperative diversity has received much attention from academia and industry due to its ability to increase the throughput, coverage, and reliability of wireless networks [1, 2] . It is based on the broadcast nature of wireless medium. In cooperative diversity systems, each node can act as a relay and helps the other nodes of the networks to forward their information to their respective destination nodes so that the spatial diversity is exploited. The relay cooperation channels were first investigated by van der Meulen [3] . While the works [4] [5] [6] [7] [8] investigated the three-node relay channel, the work [9] considered the multi-relay cooperation ones, where the best relay selection scheme has been proposed (that also referred as traditional best relay selection (T-BRS)). All these works have proved that cooperative systems offer outstanding throughput gains over non-cooperative ones [10] [11] [12] [13] .
However, due to the practical half-duplex (HD) constraint, in traditional protocols, the relays employ a prefixed schedule for transmission and reception, which is independent from the quality of the transmitting and receiving channels in a round of communications. The prefixed transmission and reception schedule limits the exploitation of achievable diversity degrees. Moreover, for multi-relay cooperation schemes, only the same relay node is selected for receiving data from source and forwarding data to destination in a round of communications. This prefixed schedule and the selection of the same relay in a round of communications may lead significant performance degradation in wireless systems where the qualities of the transmitting and receiving channels significantly vary with time, since it may prevent the relays from exploiting the best transmitting and the best receiving channels. Clearly, the performance of the HD relaying systems could be improved if the above constrains are relaxed. For example, by relaxing the prefixed schedule constraint for data reception and transmission, the link with the highest quality could be always used in each time slot. Similarly, by relaxing the constraint of the same relay employed in a round of communications, the systems can always select the relays with the strongest source-relay (S-R) channel and the strongest relay-destination (R-D) channel for reception and transmission, respectively. To achieve the ends, it is only possible if the relays are equipped with a buffer and can store data packets before retransmitting them later at a suitable time slot.
Early works of buffer-aided relaying systems can be founded in [14] and [15] , where a three-node relaying system was considered and a data buffer was introduced at relay node. Due to the prefixed transmission and reception schedule abandoned, the results in [14] and [15] showed that the utilization of data buffer at relay can improve the throughout of relaying systems. The literature [16] focused on the multi-antenna relaying system with buffer at relay and pointed out that if the numbers of antennas at source and destination are equal or larger than the number of antennas at relay, the buffer-aided half-duplex systems can outperform the ideal full-duplex ones. Motivated by the works [14] and [15] , the buffer-aided relay systems have been investigated widely such as in [17] [18] [19] [20] [21] [22] [23] [24] [25] . Later, in [26] and [27] the idea of buffer-aided relaying was expanded to multiple relay systems, where the authors have proposed the max-max link selection (MMLS) protocol firstly. Specially, to exploit the quality of relay channels as possible, the MMLS schemes abandon the restriction of using the same relay for reception and transmission in a round of communications. Because the strongest links from both S-R and R-D group channels are always selected for data transmission, respectively, the MMLS scheme has significant coding gain over the traditional max-min scheme [12] . However, the results in [26] and [27] show also that the diversity gain achieved by the max-max selection schemes is still the same as the one achieved by the T-BRS schemes owing to a prefixed transmission and reception schedule employed, such that the available diversity degree being not full exploited. Therefore, to overcome this prefixed schedule constraint and to improve the diversity gain of buffer-aided relay selection systems, in [28] , the maxlink selection (MLS) scheme has been proposed. In the MLS schemes, the constraint on the prefixed transmission and reception order is further relaxed so that, at any time, a best link is selected from all available source-relay and relay-destination links. Depending on whether one S-R or R-D link is selected, either source or relay transmits opportunistically a data packet to the corresponding destination. The MLS schemes incorporate the instantaneous quality of wireless links as well as the states of finite relay buffers (e.g., full, empty, neither full nor empty) and adapt the time slot allocation accordingly. It was achieved that when all relay channels obey independent and identically distributed (i.i.d) Rayleigh fading, the MLS schemes not only obtain coding gain over the T-BRS and MMLS schemes but also has higher diversity gain than the two schemes. The achievable diversity order approaches two times of the one of T-BRS and MMLS schemes in the ideal case where all channels experience i.i.d fading and the size of buffers grows to infinity. In [29] , the buffer-aided amplifyand-forward (AF) MLS schemes have been considered over symmetric relaying channel. With the promising MLS protocol, in [30] , a hybrid cooperative relaying policy was proposed. In [31] , the buffer-aided multirelay cognitive system has been investigated.
From the above literature review, it is clearly seen that the introducing of buffer at relay can significantly improve the performance of the traditional cooperation communication systems. Especially, under the extreme case where all relay channels experience the i.i.d fading, the MLS schemes are promising since the higher diversity and coding gains can be achieved over the MMLS and T-BRS schemes. However, all of the existing works about the MLS buffer-aided relay cooperation only focused on the i.i.d fading channels. For the more general scenarios where all relay channels experience the independent and non-identically distributed (i.ni.d) fading, the corresponding performance of the MLS schemes has not been achieved so far. However, in practical wireless implementation, due to the fact that all relays can locate at different positions and the bad wireless propagation, the S-R and R-D relaying links can experience the nonidentical fading [32] . In this case, the weak link may have severe effect on the performance of the MLS schemes such as outage probability, symbol error rate, and average packet delay. Secondly, all of the existing works about the MLS schemes only consider Rayleigh fading scenario without Nakagami-m one. It is well known that Nakagami-m fading spans via the fading severity factor m, a wide range of fading scenarios that are typical in realistic wireless relay networks, which includes Rayleigh fading (m = 1) as special case. When the channels experience Nakagami-m fading, the performance of the MLS schemes is impacted by not only the channel variances but also the fading severity factors.
Therefore, motivated by the above literature review, in this work, the buffer-aided MLS schemes are investigated over the i.ni.d Nakagami-m fading channels. The contributions of this work are summarized as follows.
(1) By modeling the transition of buffer states as a Markov Chain, we first obtain the state transition matrix and the stationary state probability vector as well as the closed-form expressions in terms of outage probability and average packet delays over the i.ni.d Nakagami-m fading channels. To the best of authors' knowledge, this is new. The presented comparison analysis shows clearly that when the relay channels experience the non-identical fading, the achievable diversity and coding gains by MLS schemes are suffered greatly from the disparity among the relay channel powers and the fading severity factors.
(2) For the average packet delays of MLS schemes, it is achieved that the average packet delays at all relays are the same entirely when the S-R and R-D links follow the i.i.d fading channels, respectively. Moreover, the average packet delays are also independent from the transmit power and the channel fading severity factors. However, under the i.ni.d fading channels, the average packet delays at all relays are different. This phenomenon yields that the MLS systems are unstable. At the same time, it is also achieved that when the powers of S-R links are less than the ones of R-D links, the average packet delays can be reduced evidently.
(3) In order to reduce the average packet delays and to enhance the stability of the MLS systems but still obtain the enough diversity and coding gains, we finally propose a weight-based MLS (W-MLS) diversitydelay trade-off scheme. By adjusting weight factor, it can be guaranteed that the equivalent signal-to-noise ratios (SNRs) of S-R links are less than the ones of R-D links such that the novel W-MLS schemes achieve the satisfying trade-off between diversity and delay.
Note that, for the MLS scheme, the work [26] is very important and inspired our work. For comparison in this work, we also employ the framework in [26] . However, the evident advancement is performed in our work over the work [26] . Firstly, our work focuses on the i.ni.d Nakagami-m fading channels, while the work [26] considered the i.i.d Rayleigh ones. Secondly, our work investigates the impact of the i.ni.d fading channels on the diversity and coding gains as well as the average packet delay at relay. Finally, based on our derivations, we propose a weight-based MLS scheme, which can overcome the performance degradation caused by the i.ni.d fading.
Notation: In this work, we use boldface lower case letters to denote vectors and boldface capital letters to denote matrices. O mn is a m × n matrix with all elements equal to zero, and I denotes the identity matrix. Moreover, (.) − 1 and (.) T stand for matrix inversion and transpositions, respectively. A nm is the (n,m)th entry of A. Pr(X) denotes the probability of event X. F X (.) and f X (.) are the cumulative distribution function (CDF) and probability density function (PDF) of the random variable (RV) X, respectively. Γ(.) and ϒ(.,.) denote gamma function and incomplete gamma function.
System model and MLS schemes

System model and assumptions
As shown in Fig. 1 , we consider a buffer-aided relaying system, which consists of one source S, one destination D, K relays R k , k ∈ {1, …, K}. Each relay node R k is equipped with a data buffer Q k of finite size L (the number of buffer elements), and each buffer element can store one data packet of information bits. Note that, throughout this work, it is assumed that all buffers have the same size. Due to the severe fading and showing, we omit the direct link between source S and destination D. All nodes work in FD mode, and there, they cannot transmit and receive Fig. 1 Buffer-aided relaying system model simultaneously. We also define Ψ(Q k ) denoting the number of data packets in buffer Q k . We have
We assume that h SR k denotes that channel coefficient between the source S and the relay R k and h R k D stands for the one between the relay R k and the destination D. The corresponding link gains are given by
It is also assumed that all relay links are reciprocal and experience the i.ni.d Nakagami-m fading. Therefore, the probability density function of the link gains γ SR k and γ R k D is given by
where
, ω U and m U denote the corresponding channel variance and fading severity factor. At each receiver, the received signals are affected by the circularly symmetric complex Gaussian additive noise with identical noise power N 0 . Without the loss of generality, throughout this work, we take the noise power N 0 = 1.
MLS schemes
In traditional best relay selection, the system performance is limited since in a round of communications, the same relay node is selected for receiving data from source and transmitting data to destination in a prefixed transmission order. Namely, in the T-BRS, both the available link quality and the degree of diversity freedom are not exploited effectively. Although the MMSL allows the different relays utilized for reception and transmission in a round of communications and exploit link quality, the scheme still follows a prefixed transmission order. Therefore, both the T-BRS and MMSL schemes have the same diversity order. As an evolution of both the T-BRS and MMLS schemes, in the MLS schemes, the limitation on both the utilization of the same relay and the prefixed transmission order is relaxed so that, at any time, a best link is selected among all available S-R and R-D links. Therefore, the available diversity degree is exploited full, and under idea case, the diversity order is two times of the number of relays. With finite buffer size, a S-R link is considered to be available when the corresponding relay node is not full and therefore can receive data packet from the source S, while a R-D link is considered to be available when the relay node is not empty and thus can transmit stored data towards the destination D. The MLS scheme compares the quality of all the available links and adjusts the relay selection decision and the time slot allocation to the strongest link. If a S-R link is the strongest link, the source S transmits and the corresponding relay is selected for reception; on the other hand, if a R-D link is the strongest link, the corresponding relay is selected for transmission. Therefore, from the above description, the MLS policy can be formulated as follows.
Due to the best link selected randomly, at a given time slot, the number Ψ(Q k ) of data packets at relay R k is also random. Therefore, we define the random vector {Ψ(Q 1 ), ⋯, Ψ(Q K )} as a buffer state. Depending on the buffer's size L and the number K of relays, the total number of buffer states is given by (L + 1)
K . Therefore, in this work, we assume that the vector
K . At the current state s u , the number Ψ u (Q k ) of data packets at the relay R k is increased by one when a source data packet is correctly decoded at R k , while it is decreased by one when the relay R k successfully transmits a packet to the destination D. Depending on which relay receives or transmits data, the buffers may move from the current state s u to several possible states. We model all possible states of buffers and the transitions between all sates as a Markov chain (MC). The state transition diagram can be used to display MC directly, in which the connectivity between the different states of buffers is identified as follows: (a) the number of data elements of one relay buffer can be decreased by one if the relay node is selected for transmission and the transmission is successful; (b) the number of data elements of one relay buffer can be increased by one if the relay node is selected for receipting data and the reception is successful; and (c) the buffer state remains unchanged when the selected S-R or R-D transmission is not successful. At the same time, by using the state transition diagram, we can construct the corresponding state transition matrix A of (L + 1)
K × (L + 1) K , which is a square matrix. In the state transition matrix A, the entries are zero when the corresponding state transition cannot be happened. The state transition matrix A is column stochastic, irreducible, and aperiodic. Therefore, the stationary state probability vector is given by
where π ¼ π 1 ; π 2 ; ::::::; π Lþ1
T , I is identity matrix, and B nu = 1, ∀ n, u. With the above formulating policy, for a bufferaided MLS system with K = 2 and L = 2, we have the state and the corresponding state transition diagram as shown in Fig. 2 . In the state transition diagram, for a given sate s u ,p u denotes the probability that the state s u remains unchanged, and p nu denotes the probability of the transition from state s u to s n , i.e., p nu = Pr(s u → s n ). Since we assume that all relay channels experience the non-identically distributed fading, in general, we have p n 1 u ≠p n 2 u for the state transition that can happen. On the other hand, for the one that cannot occur, there is no connectivity in the state diagram, and p nu = Pr(s u → s n ) = 0. With the state transition diagram, the state transition matrix A can be achieved as well as the stationary state probability vector.
Exact outage performance
In this section, we investigate the exact outage performance of the buffer-aided MLS schemes. In MLS schemes, at state s u , if the selected S-R or R-D transmission is failed, there is one outage event. The probability that an outage event occurs depends on the available S-R or R-D links. Therefore, to obtain the outage probability, we define two sets N for a given state s u , if there is one outage event, then no change in buffer state occurs. In state diagram, at the current state s u , the corresponding outage probability is given byp u . In state transition matrix, the entries A uu in the main diagonal stand for the outage probability at state s u . Obviously, we havep u ¼ A uu . By considering all possible states, the average outage probability of the systems is formulated as
In Eq. (4), the stationary distribution π is given by Eq. (3). From Eq. (4), it is found that, to obtain the outage probability, the probabilityp u and the state transition matrix A are required.
3.1p
u : outage probability at state s u
As stated previously, depending on which relay receives or transmits data, the buffers move from the current state s u to several possible states. Therefore, we can divide all possible states to which can be moved from the current state s u into two sets, U 
where γ th is the predefined outage threshold which is determined by the spectral efficiency, transmission power P, and additive noise power N 0 . With the consideration that all relay channels obey the i.ni.d Nakagami-m fading, using Eq. (1) leads to the first term in Eq. (6) written as
With similar reason, the second term in Eq. (6) is written as
Finally, the outage probabilityp u at the state s u can be achieved by substituting Eqs. (7) and (8) into Eq. (6).
A nu : the (n,u)th entry of transition matrix A
Besidesp u , to obtain the total outage probability, Eq. (4) indicates that the stationary distribution π is also required. At the same time, the Eq. (3) shows that the stationary distribution π depends on the transition matrix A. Because all relay links exhibit non-identical fading, at any time, the probabilities to select the S − R and R − D transmissions are not the same. This is very different from the existing buffer-aided MLS schemes where all relaying links exhibit identical distribution and the selection of any available link is equally likely. With this observation, we define p is the probability that the best R − D link is selected from the available N u RD R − D links such that the state transition s u − > s n occurs. Therefore, the probabilities to select one S − R link and one R − D link at state s u are formulated, respectively, as
With these observations, the A nu entry of the state transition matrix A is expressed as . With order statistics [33] , the Eq. (11) can be rewritten as
where f γ u RD y ð Þ is the probability density function of the
. By using order statistics [33] , after appropriate mathematic manipulation, the probability p u SR is given by where ∑ 1 ∑ 2 are defined, respectively, by
|fflfflfflfflfflfflffl ffl{zfflfflfflfflfflfflffl ffl}
The proof of Eq. (13) is presented in Appendix 1. given state transition s u − > s n , the selected S − R or R − D link is determined, which can be obtained from state transition table. To illustrate this consideration, in Table 1 , we present the selected S − R or R − D link for each state transition s u − > s n , where we take K = 2 and L = 2. We have the state s u = {Ψ u (Q 1 ), Ψ u (Q 2 )}. can be written as [33] 
, a is the function of u and n. Therefore, by using order statistics [33] , after appropriate mathematic manipulation, the probability p
where ∑ 3 is defined by
The proof of Eq. (17) can be found in Appendix 2. Similar to Eq. (17), the closed-form expression of p n N u RD can be achieved, which has the similar form as Eq. (17) .
Therefore, by substituting p n N u RD , Eq. (17), and Eq. (13) into Eq. (10), we can obtain A. Then, using Eq. (3) leads to the stationary state probability vector π. Finally, substituting π andp u given by Eq. (6) into Eq. (4), the outage probability is achieved.
Asymptotic performance analysis
In previous sections, we obtain the outage probability of the buffer-aided MLS schemes over the i.ni.d Nakagami-m fading channels. To highlight insight, in this section, we consider some special cases, i.e., asymmetric relay channels and symmetric relay channels. We mainly discuss the probabilities p 
Identically distributed and asymmetric relay channels
When the identically distributed and asymmetric relay channels are considered, we have
For such case, we first consider the case where |ω SR − ω RD | is little, relatively. Due to the fact that the numbers of available links for S − R and R − D transmissions at state s u are N u SR and N u RD , respectively, using the results in [35] and [36] leads to the probability p u SR in Eq. (12) is written as where
Þ! is binomial coefficient. For a more tractable form, using the multinomial expansion theorem, in Eq. (19) , the first multinomial is written as
Þ! denotes the multinomial coefficient. Similarly, in Eq. (19) , the second multinomial is written as
Combing Eqs. (21), (20) , and (19), we have the following integral. Therefore, for the identically distributed and asymmetry case, the probability of the S-R transmission selected is With Eq. 
Similarly, when all R − D channels are i.i.d fading, the probability p
By substituting Eqs. (23), (24) , and (25) into Eq. (10), we can obtain the state transition matrix A as well as the resulting stationary state probability vector π from Eq. (3) for the identically distributed and asymmetric relay channels.
Symmetric case
Therefore, the probability p m SR that the S − R transmission is selected is given by
The probability p
With Eq. (24), in Eq. (9), we have
Diversity and coding gains
In this section, we consider the diversity and coding gains. To this end, in Eq. (6), we denote γ th ¼ γ th 0 P , where γ th ' is determined by the spectrum efficiency. It is well
known, when x → 0, the incomplete gamma function ϒ m; x ð Þ∼ x m m . Therefore, at state s u , the probabilityp u is written as
Then, with
π up u , we can obtain the diversity order
However, Eqs. (29) and (30) show that it is challenging to achieve the diversity order due to the i.ni.d assumption. Therefore, we resort to the asymptotic analysis for the diversity and coding gains. We consider the identically distributed and asymmetric fading channels, 
With this assumption, Eq. (29) is given bỹ
At the same time, from Eq. (23)- (25), we see that in this case, π u is independent from γ ' . Therefore, substituting Eq. (32) into (30), we have that the diversity order is
which is the lower bound. On the other hand, when the relay buffer size L − > ∞, it can be shown that the probabilities for N 
The result shows that the diversity order is close to 2mK, which is upper bound. In general, the diversity order of the considered scheme is between mK and 2mK and increasing with the buffer size L due to the asymmetry. With the diversity order, the coding gain is written as
Average packet delay
The use of buffers at the relays improves the performance at the expense of a higher packet delay in systems. The delay is a main issue of the buffer-aided relaying systems. Especially, the packet delay problem is becoming more severe in MLS schemes. This is because that in MLS schemes, the best link is selected from all available S-R and R-D links. In this case, the weak links may have severe effect on the buffer-aided MLS relay systems. For example, we consider a MLS system with two relays, where the channel average powers of S − R and R − D links are {10, 1} and {0.01, 1}, respectively. Obviously, the MLS protocol fills the buffer of the first relay very soon. Since the link of the first relay to destination has a very bad quality, the first relay will not contribute to the performance of the systems. However, the data packets in the buffer of the first relay will be trapped for a long time. This will eventually yields a higher delay of the data packets. Hence, it is important to study the end-toend delay to understand the performance-delay trade-off of the buffer-aided MLS relaying schemes. In this section, we analyze the average packet delay of the MLS systems. We provide a closed-form expression for the average packet delay in terms of the buffer size and the probabilities of the link selection. We particularly highlight that, while different packets may suffer from different delay, the system throughput (or the average data packet rate) of the MLS schemes is not scarified. This is because that in each time slot, a relay node must be selected for receiving or forwarding data packet. Therefore, without losing the generality, in sequent, we assume that the average throughput is 1 (packet/slot). Therefore, when a packet is "waiting" for transmission at a node, another packet must be transmitted to another node. According to Little's law, the average packet delay at a given relay node can be formulated as
where E{Ψ(Q k )} and η k are the average queuing packet length and throughput at relay node R k . Therefore, the average arrival rate into the buffer of the relay R k is given by . At the same time, the average queuing packet length at the relay R k is
Hence, substituting Eqs. (38) and (39) into Eq. (37), we can obtain the average packet delay at relay R k .
The above discussion indicates that the i.ni.d fading causes not only the degradation in diversity and coding gains but also the different average packet delays at relays. To achieve a perspective, in Tables 2 and 3 , by taking ω SR k ¼ ω SR , ω R k D ¼ ω RD , and ω SR = 4 − ω RD , k = 1, …, K, we present the average packet delay comparison analysis. From Table 2 , it is easy to see that when the conditions ω SR k ¼ ω SR and ω R k D ¼ ω RD are satisfied, the average data packet delays at all relay are same. This is due to the fact that under the identical distribution, each relay is selected with equal probability for receipt or transmission data. It is also seen that for the different values of ω SR /ω RD , the average packet delays at each relay are different greatly. We see that the average data packet delay is increasing with the value of ω SR /ω RD . When (ω SR /ω RD ) = 1, i.e., ω SR = ω RD , the average packet delays at all relays equal to KL. When (ω SR /ω RD ) > 1, the average packet delays are greater than KL. However, when (ω SR /ω RD ) < 1, the average packet delays are smaller than KL. This is not surprising because the higher relay-destination link gains imply that the relay-destination is more likely to be selected and the data packet are more quickly forwarded to the destination.
By taking K = 3, L = 3, and m = 2, in Table 3 , we present the average packet delays at all relays under different channel realizations. These different S-R link powers are arbitrarily generated by Gaussian random vector with mean μ = 1.5 and variance σ 2 = 0.1, 0.2, 0.33, 0.5, 0.6, 0.8 and 0.9, respectively. Different from the results in Table 2 , from Table 3 , we see that the average packet delays at different relays are different entirely when the relay channels follow the non-identical distribution. Besides this, Table 3 also displays that, due to the different link powers for each system realization, the packet delays at different relays are also different greatly. For comparison analysis, in Table 3 , we also present the total average delay defined by Table 3 shows clearly that when σ 2 ≤ 0.8, the total average delay D R is increasing with the disparity among the all S-R link powers. Table 2 Average data packet delay (slots) (K = 2, L = 2) The non-identical fading imposes the great impact on diversity and coding gains as well as the average packet delay. As a result, the MLS schemes may be unstable.
Here, we consider a modified buffer-aided MLS scheme that can overcome the performance loss and degrade the packet delays at all relays over the i.ni.d fading channels.
One of the ways of doing it is introducing two additional weight vectors ω 
where λ is a power adjusting factor so that the equivalent transmission power of R-D links is greater than the one of S-R links a litter. In practical implementation, the power adjusting factor λ can be determined by the tolerable maximum delay and maximum outage probability. As a result, the delay performance of MLS schemes is improved greatly. For max-weight and min-weight schemes, in Eq. (40), we have W = max{ω SR , ω RD } and W = min{ω SR , ω RD }, respectively. The max-weight and min-weight schemes are suitable for the scenario where the disparity of all relay channel powers (or variances) is small relatively. However, in practical implementation, due to the different relay positions and heavy fading, the disparity can be very large. To overcome this problem, we propose the mean-weight scheme, in which the weight factor W is given by the following algorithm in Table 4 .
The proposed algorithm can be implemented in a centralized or distributed manner. Here, we employ a hybrid distributed-centralized manner to select the best link. This is due to the fact that determining weight fact W requires the statistical channel state information (CSI) of all links. At the same time, in practical communication systems, the distributed manner is preferable for the selection of the best link, especially in the case where the number of contention links is very large. For such hybrid manner, before each time slot, each relay transmits the statistical CSI to the central controller, which can be obtained by listening pilot signals from source and destination. After receiving the statistical CSI from all relays, the central controller performs the algorithm given in Table 4 and broadcasts the result to all relays. Upon receiving the signal from central controller, each relay then starts a timer by jointly considering the buffer sates and its input (S-R) and output (R-D) link strength as well as the weight factor W obtained from central controller. The duration of timer is a proportional function that depends on the weight factor W and S-R or R-D link strength. As a result, the best link can be selected.
Note that, due to the introduction of weight factor W, the selection of the best link in W-MLS schemes is based on the equivalent S-R link power vector ω Therefore, the W-MLS obtains the following advantages over the conventional MLS schemes [26] . Firstly, all S-R and R-D links are selected with equal probability so that the maximum diversity and coding gains can be achieved. Secondly, at all relays, the average packet delays are same. Therefore, our W-MLS schemes overcome the unbalance caused by the no-identical fading. Finally, in our W-MLS schemes, the average packet delays can be further decreased by adjusting λ as shown in Table 4 .
Of cause, the superiority of W-MLS over the conventional MLS is achieved at the price of system complexity. This is because that the weigh factor W must be Table 3 Average data delay (slots) (K = 3, L = 3, m = 2) determined firstly before performing the best link selection. From Table 4 , we see that when the mean-weight MLS scheme is employed, the complexity depends on the disparity of channel gains. That is to say, the complexity is increasing with the disparity. On the contrary, as a candidate of complexity-performance trade-off, the max-weight or min-weight scheme has low employment complexity. Obviously, when the disparity of channel gains is high, the mean-weight MLS should be performed so that the system performance is improved greatly. When the disparity of channel gains is small, the max-weight or min-weight scheme is a good selection with low implementation complexity and improved performance.
Numerical results and simulations
Based on the previous analysis and derivations, the simulated and numerical results are presented in this section. To obtain a comprehensive comparison, the T-BRS and MMLS schemes are also analyzed in this section. For simplicity, throughout the simulations, we take the system spectrum efficiency R = 1 bits/s/Hz. We also assume that the fading severity factors are same, i.e.,
By taking the number of relays K = 2 and the fading severity factor m = 2, in Fig. 3 , we first investigate the outage probability versus the transmit power P with different size L of relay buffers over the i.i.d Nakagami-m fading channels. Specially, we take the buffer's size L = 2, 5, 10, 20, and 30, and From Fig. 3a , it is clearly shown that the MLS schemes always outperform the T-BRS and MMLS schemes when the relay channels follow the i.i.d Nakagami-m fading. The MLS schemes provide not only the coding gain but also the diversity gain over the T-BRS and MMLS schemes. Moreover, the achievable diversity gain by MLS over T-BRS and MMLS is increasing with the increase of the buffer's size L. To further illustrate the impact of the fading severity factor m on the diversity order, in Fig. 3b , the outage probability is investigated by taking the fixed buffer size L = 10 and taking the variable fading severity factor m, m = 3,4. It is found that the performance of the three buffer-aided relaying schemes is enhanced by the increase of m. Similar to Fig. 3a , we see that for each fixed m in Fig. 3b , the MLS schemes always outperform the T-BRS and MMLS ones. This is due to the superiority provided by the MLS schemes.
In Fig. 4 , the outage probability of the three bufferaided relaying schemes is investigated over more general i.ni.d Nakagami-m fading channels, in which there are two different channel realizations are considered, respectively. Different from the results achieved in Fig. 3 , from Fig. 4 , we achieve that when the relaying channels experience the non-identical fading, all curves in Fig. 4a have the same slope, approximately. This observation indicates that in this non-identically distributed fading case, the MLS scheme does not provide the diversity gain over the T-BRS and MMLS schemes, or only givens very limited diversity gain. At the same time, it is also achieved that although the MLS schemes outperform the T-BRS, it has the same performance as MMLS schemes in certain case. For example, Fig. 4b shows that the achieved coding gains by MLS over MMLS are nominal. Obviously, the performance loss is increasing with the disparity of the channel variances. Therefore, we have the following results. (1) When all relaying channel experience i.i.d fading, compared with the both T-BRS and MMLS schemes, the MLS schemes provide not only the coding gain but also the diversity gain. Moreover, the achievable diversity order is increasing with the buffer's size L. (2) When all relaying channels experience i.ni.d fading, the performance of the MLS schemes is impaired greatly by the disparity of relaying channels. On the one hand, the MLS schemes only provide the very limited diversity gain over the T-BRS and MMLS schemes. In an extreme case, there is no diversity gain achieved even if the buffer size L is large enough. On the other hand, the achieved coding gain is also limited. Specially, in certain case, the MLS schemes can be inferior to the MMLS schemes even if the MLS schemes always achieve the coding gain over the T-BRS.
In Fig. 5 , we plot the average packet delay versus the transmit power P under different m for the case Fig. 5a , b, we find that, for the two considered cases, ω SR < ω RD and ω SR > ω RD , the system parameters P and m impose different impact on the average packet delay. When ω SR < ω RD , the average packet delay is proportional inversely with the fading severity factor m. This observation indicates that when the condition ω SR < ω RD is satisfied, the systems with larger m obtain not only higher diversity gain but also (a) (b) Fig. 3 Outage performance versus transmit power P over i.i.d fading channels less average packet delay. However, when ω SR > ω RD , compared with Fig. 5a , Fig. 5b shows that the average packet delay is increasing with m. For the effect of the transmit power P, Fig. 5a , b shows that when the transmit power P is large enough, the average packet delay is not affected by P and saturated to a constant. The reason is that when the transmit power P is large enough, the difference of equivalent SNRs between the S-R and R-D links is negligible, such that all links are selected with equal probability and the delay approaches a constant. On the contrary, when the transmit power P is small relatively, Fig. 5a shows that the increase of P causes the increase of the average packet delay, while Fig. 5b shows that it causes the decrease of the average packet delay.
Similar to Fig. 5 , to observe the average packet delays at different relays over non-identical fading channels, by taking ω SR K f g Fig. 6a, b , respectively. The figure shows clearly that when the relay channels obey nonidentical distribution, the delays at different relays are different. Moreover, the asymptotic delays are also different when the transmit power goes large enough.
To illustrate the feasibility and superiority of the proposed weight-based MLS schemes, in Figs. 7 and 8 , we compare the outage performance and average packet delays among the weight-based and non-weight-based schemes, where we take K = 2, m = 2, ω SR = {1, 0.3}, (a) (b) ω RD = 1 − ω SR . In Figs. 7 and 8, "W" stands for the proposed weight-based schemes, while "NW" stands for the non-weight-based schemes. For a fair comparison, the following power constraint is adopted.
where P W denotes that transmission power at each node when the proposed weight-based schemes is used to select the best link (or relay). In the two figures, we only consider the T-BRS and MLS schemes with or without the proposed weight-based method. From Fig. 7a , we see that the effect of weight-based schemes on the outage performance of both the T-BRS and MLS schemes is different greatly. Specially, for the T-BRS schemes, it is easily seen that the proposed weight-based schemes do not improve outage performance, instead of increasing the outage probability, especially in the low region of transmission power P. Only in medium and (a) (b) high region of P, the loss will be reduced gradually. In high P, the weight-based schemes obtain the same outage performance as the non-weighted-based ones. However, for the MLS schemes, it is clearly found that the proposed weight-based methods cause greatly improvement on outage performance over the entire region of transmission power P. For example, Fig. 7a shows that when the power adjusting factor λ = 1.1 and L = 20, the weight-based MLS schemes achieve the power gain of 5 dB over the traditional MLS schemes at 10 −4 of outage probability. At the same time, another interesting result can also be found in Fig. 7b. Figure 7b shows that, with the proposed weight-based MLS, the packet delays at all relays are improved greatly. On the one hand, the delays at all relays are the same entirely, which indicates that all data packets can be forwarded to destination with equal probability. On the other hand, the average packet delay at each relay is reduced distinctly, especially in low region of transmit power P. Therefore, it is obtained that the proposed weight-based schemes not only can improve the outage performance but also can decrease the average packet delay. The proposed W-MLS schemes are feasible.
For more insight, in Fig. 8 , the outage and delay performance are compared once again. In the figure, we take the power adjusting factor λ = 1.3. Comparing  Figs. 7a and 8a , we see that the increase of the power adjusting factor λ yields the loss in the outage performance of the weight-based MLS schemes. For example, when L = 20, Fig. 8a shows that the weight-based MLS schemes only achieve the power gain of 3 dB over the traditional MLS schemes at 10 −4 of outage probability. On the contrary, Fig. 8b shows that the average packet delays for the proposed weight-based MLS schemes are decreasing with the power adjusting factor λ. This is due to the fact that the outage probability of relay systems is increasing with the symmetricity of relay channels. When the channels are symmetric entirely, the relay systems achieve the optimal outage performance. Therefore, we have the result that the increasing power factor yields the increasing outage probability. However, when the equivalent power of R-D links is greater than the one of S-R links, the probability that one R-D link is selected is greater than the one that one S-R link is did. The results from Figs. 7 and 8 indicate that in practical application, the power adjusting factor λ should be jointly determined by the maximum delay, maximum outage probability, etc. As a result, the proposed W-MLS scheme is a delay-diversity trade-off scheme.
Conclusions
While it has been proved that in buffer-aided relaying systems, the MLS schemes can provide both the diversity and coding gains over the T-BRS and MMLS schemes when the all relay channels obey the i.i.d fading, the corresponding diversity and delay performance of the MLS schemes have not been reported when the relay channels experience the practical i.ni.d fading. Thus, in this paper, the MLS schemes are investigated over the i.ni.d Nakgami-m channels. By employing Markov chain model, the statistical descriptions of the MLS schemes are achieved firstly. Then, with the derived statistical descriptions, the average packet delays are investigated over the i.ni.d Nakgami-m fading channels. The obtained results show that the non-identically distributed relay links impose a severe loss in the diversity and coding gains for the MLS schemes. Moreover, when the disparity of the powers of relay links is very large, the MLS schemes no longer provide any diversity gain over the T-BRS and MMLS ones even if the buffers' size is enough large. However, when the disparity of the powers of relay links is little relatively, the enough diversity and coding gains can be still provided by the MLS schemes. For the average packet delays, it is achieved that under the i.ni.d fading channels, the average packet delays at all relays are different. The results indicate that at some relays, the average packet delays can be very large, and at other relays, they are small. This phenomenon yields that at some relays, the data packets would be trapped for a long time and the relay systems with MLS schemes are unstable. However, it is enough lucky that when the powers of S-R links are less than the ones of R-D links, the average packet delays are reduced evidently. Inspired this observation, a W-MLS diversity-delay trade-off scheme is proposed to reduce the delay and to enhance the stability of MLS schemes but still obtain the enough diversity and coding gains over T-BRS and MMLS schemes. In the proposed W-MLS schemes, before selecting a best link, the systems multiply the link gains by a weight vector, such that the equivalent signal-to-noise ratios of S-R links are same, so does the ones of R-D links, such that the data packet delays at all relays are same. By adjusting the weight vector, it is guaranteed that the equivalent SNRs of R-D links are greater than the ones of S-R links, such that the delays can be decreased evidently. Moreover, by designing feasible weight vector, the W-MLS can still provide the enough diversity and coding gains. 
